The function of the decoding release factor (RF) in translation termination is to couple cognate recognition of the stop codon in the mRNA with hydrolysis of the completed polypeptide from its covalently linked tRNA. For this to occur the RF must interact with specific A site components of the active centres within both the small and large ribosomal subunits. In this work we have used directed hydroxyl radical footprinting to map the ribosomal binding site of the Escherichia coli class I release factor RF2, during translation termination. In the presence of the cognate UGA stop codon, residues flanking the universally conserved 250 GGQ 252 motif of RF2 were each shown to footprint to the large ribosomal subunit, specifically to conserved elements of the peptidyl-transferase and GTPase-associated centres. In contrast, residues that flank the putative 'peptide anticodon' of RF2, 205 SPF 207 , were shown to make a footprint in the small ribosomal subunit at positions within well characterised 16S rRNA motifs in the vicinity of the decoding centre. Within the recently solved crystal structure of E. coli RF2 the GGQ and SPF motifs are separated by 23 A o only, a distance that is incompatible with the observed cleavage sites that are up to 100 A o apart. Our data suggest that RF2 may undergo gross conformational changes upon ribosome binding, the implications of which are discussed in terms of the mechanism of RF mediated termination.
INTRODUCTION

5
been used successfully to map the ribosomal binding sites of S5 (20) , S8 (21) , L9 (22) , and L11 (23) , as well as tRNA (24) , and translation factors, IF3 (25) , EF-G (26) , and RF1 (27) . This approach uses Fenton chemistry to generate hydroxyl radicals that cleave the RNA backbone in the vicinity of the tethered Fe(II). While it is possible for a released radical to miss neighbouring nucleotides and to cleave rRNA at more distant sites, the relative distances between the cleaved rRNA and the site of radical generation can be estimated from the intensities of the cleavage results (28) . Moreover a series of cleavages are obtained from each site, which aids interpretation now that the ribosome structures are available. In the current study two adjacent tethering sites were selected on the RF2 protein for attachment of BABE, as an additional strategy to avoid misinterpretation of the significance of specific cleavages.
Using this approach, amino acids neighbouring the GGQ motif of RF2 were shown to map to the PTC, while residues flanking the SPF motif mapped near the ribosomal decoding centre. These results support the tRNA analogue model, and suggest that RF2 undergoes a significant conformational change on binding to the ribosome.
Protein concentration estimations
The bicinchoninic acid (BCA) assay (31) was used to estimate the concentration of purified protein samples.
In vitro termination assays
The in vitro peptidyl-tRNA hydrolysis and codon-dependent ribosome binding assays were performed as described previously (12) .
The DTNB assay for measuring surface accessibility
The DTNB assay measures the formation of a coloured chromophore at 412 nm upon reaction of Ellman's reagent or DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid) with the sulfhydryl group of an accessible cysteine residue. Since the RF proteins are stored in 1 mM DTT to maintain the cysteine residues of the factor in a reduced form they were first purified away from the DTT using ProbeQuant™ G-50 micro columns (Amersham Pharmacia Biotech), according to the manufacturers' instructions. DTNB (5 µL of 1 mg/mL) was added to the RF sample and the reaction incubated at RT for 20 min. The absorbance of a buffer blank was subtracted from the sample values. The concentration of accessible cysteine residues was calculated from the change in absorbance at 412 nm, using ε 412 = 13,600 M -1 cm -1 for the chromophore.
Conjugation of BABE to RF and termination complex formation
The BABE reagent was loaded with Fe(II) essentially as described by Culver and Noller (2000) (28) . Prior to Fe(II) derivatisation, the RF proteins were washed through ProbeQuant™ G-50 micro-columns (pre-equilibrated in a buffer containing 50 mM Tris-HCl pH 8 and 50 mM KCl, according to the manufacturers' instructions) to remove excess DTT. In a typical conjugation reaction, 50 µL RF (∼1500 pmol) was mixed with 5.4 µL of the Fe(II)-BABE complex (∼76 nmol Fe(II)-BABE, 50-fold molar excess), and incubated at 37 °C for 1 h. Unbound Fe(II)-BABE was then removed by washing the reactions through the ProbeQuant™ G-50 columns, and the efficiency of conjugation determined using the DTNB assay as described above. instructions. The columns contain a cellulose membrane with a molecular mass cut-off of 100 kDa.
The termination complexes were therefore trapped on the membrane, while unbound Fe(II)-RF2
proteins washed through. By simply inverting the column and centrifuging again, the complexes were easily and efficiently recovered. The volumes of the eluted ribosomes were then adjusted to 100 µL with the specific buffer used in the formation of the termination complex.
Primer extension
The primers used to walk through the 16S and 23S rRNA (sequences available on request)
were end-labelled with 33 P by incubating 10 pmol of the oligonucleotides with 3 µL of [γ 33 P]dATP (3000Ci/mmol) and 10 U of T4 PNK in 1x T4 PNK buffer (Roche). The volume of the reaction was adjusted to 10 µL with RNase-free ddH 2 O. The reactions were incubated at 37 °C for 30 min, then 65 °C for 10 min to inactivate the kinase enzyme. The final concentration of the radiolabelled primers was 1 pmol/ µL. Radiolabelled primers (3 pmol) were then annealed to 1 µg of the recovered rRNA in 1 x AMV primer extension buffer (Promega). The 11 µL reactions were incubated at 70 °C for 5 min to denature the RNA, then at the Tm of the particular primer for 20 min.
The samples were cooled on ice while the extension reactions were prepared. A 'master' cocktail mix (enough for six reactions) was prepared by mixing 30 µL 2x AMV primer extension buffer (Promega), 12 µL 40 mM sodium pyrophosphate, and 24 U of AMV RT in a reaction volume of 54 µL. For the sequencing reactions individual cocktails were prepared that each contained one of the ddNTPs at a final concentration of 0.67 mM. The cocktails were immediately divided into 9 µL aliquots and added to the 11 µL annealing reactions, and the 20 µL samples were incubated at 42 °C for 30 min. The cDNA extension products were precipitated with 2 µL 3 M sodium acetate pH 5.5
and 40 µL pre-chilled 96 % (v/v) ethanol, at -20 °C for 2 to 16 h. The samples were then recovered by centrifugation (12,000 x g for 30 min at 4 °C). The cDNA pellets were washed with 100 µL 70 % (v/v) ethanol, centrifuged at 12,000 x g for 5 min at 4 °C, dried at 37 °C for 5 min and resuspended in a buffer containing 98 % (v/v) formamide, 10 mM EDTA, 0.1 % (w/v) xylene cyanol and 0.1 % (w/v) bromophenol blue. After heating at 94 °C for 5 min, 2 µL of the cDNA products were loaded onto a 6 % (w/v) acrylamide/8 M urea gel, and fractionated by electrophoresis as described in (28) .
RESULTS
Construction of a cysteine-less variant of RF2
A prfB* mutant devoid of endogenous cysteine residues was required for the construction of site-specific single cysteine derivatives of RF2. The sulfhydryl side-chains of the inserted cysteines act as targeted tether sites for the BABE reagent. The cysteine-less (CL) variant of RF2 was also used as a control for any unintended derivatisation of non-cysteine side chains, and was included in the mapping experiments to eliminate sites of non-specific RNA cleavage. The native RF2 protein of E. coli has two cysteine residues at positions 128 and 274 ( Figure 1) . A cysteine residue is not found frequently at positions equivalent to 128 of E. coli RF2 (seen in only four of the 30 representative RF sequences aligned in Figure 1A ). In contrast, a cysteine residue at position 274 is more highly conserved amongst the different class I RFs (found in 24 of the 30 sequences; Figure 1B ). The high conservation of Cys274 may reflect its location within the putative peptidyl-tRNA hydrolysis domain of the factor. 2 The class I RF sequence alignments in Figure 1 were used to select appropriate amino acids to substitute for the endogenous cysteine residues of E. coli RF2. Alanine was chosen to replace Cys128 because this residue is tolerated at equivalent positions in 12 of the 30 RF sequences aligned in Figure 1A . As well the small methyl side chain of alanine was thought to be less likely to cause significant changes in the secondary structure of the RF compared to the possible alternative candidates for this site, isoleucine and valine. Methionine and serine were each chosen along with alanine as the possible replacement amino acid for the potentially more important Cys274 as they were the only other two amino acids found at this position ( Figure 1B) . Substitution of Cys128 for alanine, and Cys274 for alanine, methionine or serine did not alter the predicted secondary structure of the RF2 proteins (data not shown).
Exogenous expression of E. coli RF2 produces a protein with a severely diminished capacity to stimulate peptidyl-tRNA hydrolysis (see Figure 2 , top panel). There are at least two possible reasons for this phenomenon: (i) a threonine residue at position 246 facilitates an incorrect conformation when the protein is expressed at high concentrations (12, 13) , and (ii) Gln252 is not fully N 
Preparation of single cysteine derivatives of RF2 for the topographical mapping studies
For probing the ribosomal environment of the putative decoding and peptidyl-tRNA hydrolysis domains, published data (12, 13, 16) , together with our recent results from a comprehensive sitedirected mutagenesis study, 2 guided the selection of tethering sites on E. coli RF2. Three positions were selected within the proposed peptidyl-tRNA hydrolysis domai n of RF2 (Val243, Thr246, and Tables 1 and 2 respectively. The ribosomal binding activities of the variant factors were more similar to that of the control RF2 protein (Table 1) than their release activities, which varied quite considerably (Table 2) . Interestingly, the increased release activity of the C128A/T246S variant was not restricted to the cognate UGA stop codon, with residual activity at the non-cognate UAG stop codon almost twice that of the WT RF2 protein at UGA (Table 2 ). This suggests that the increased release activity of the T246S variant ( Figure 2 , bottom panel) might be at the expense of codon specificity.
Following conjugation with Fe(II)-BABE, the ribosomal binding activity of the V243C/CL and T246C/CL variants of RF2 decreased to approximately 50-66 % of their respective activities before conjugation with the reagent (Table 1) . However, the binding activities of the remaining variants were only modestly reduced following conjugation of Fe(II)-BABE. Mock derivatisation of the cysteine-less (CL) variant of RF2 did not decrease the specific activity of the factor. Collectively these results were promising, because in order to map the ribosomal binding site of the RF2 proteins it was critical that they could bind to the ribosome following the attachment of the bulky 10 A o tether.
Furthermore, the Fe(II)-derivatised RF variants were still able to discriminate the cognate UGA stop codon from the non-cognate UAG codon. In contrast to their ability to bind to the ribosome, the RF variants were unable to stimulate peptidyl-tRNA hydrolysis following conjugation of Fe(II)-BABE (Table 2 ). Fortunately however, for the mapping experiments it was essential for the derivatised factors to bind to the ribosome in a codon-dependent manner, but not for them to retain release activity. The diminished release activity of the variants following conjugation with Fe(II)-BABE supports the involvement of the targeted residues in the peptidyl-tRNA hydrolysis function of the RF2 protein. buffer containing low salt concentrations and polyamines (33). These reactions were carried out in the presence of oligoribonucleotide mini-mRNAs rather than UGAU and with deacylated tRNA in the P site. At most subtle differences in the intensity of some cleavages were seen (data not shown).
The relative intensities of the cleaved bands were scored as either strong, medium or weak, when compared with the intensity of the adjacent sequencing lanes (as described in Refs 28, 34).
These were used as a guide to gauge the distance between the tethered Fe(II) and the targeted rRNA site. Discrete cleavages were detected in either the 16S or 23S rRNA with all six cysteine variants of RF2, but significantly, none of the Fe(II) derivatised variants cleaved both rRNA molecules.
Interactions between RF2 and the 5S rRNA were not examined in this study.
Hydroxyl radical footprinting of the 16S and 23S rRNAs
Hydroxyl radical cleavages were observed only in the 16S rRNA when Fe(II) 
DISCUSSION
The structures of the decoding RFs have features that mimic tRNA
The derivation of X-ray crystal structures for protein factors involved in the different phases of protein synthesis, and more recently for the ribosome and its subunits, has provided a structural framework for the interpretation of decades of biochemical research. An important discovery from these structures was the overall similarity in shape of the protein synthesis factors to that of tRNA (44) . Of particular interest for the polypeptide chain release factors was that like tRNA molecules they decode signals in the mRNA at the A site of the ribosome. Earlier biochemical evidence, as encapsulated in the tRNA analogue model (3) implied that the decoding RFs were able to extend between the two active centres of the ribosome, from the decoding centre in the small subunit to the PTC in the large ribosomal subunit. The current study has shown that prokaryotic RF2 does indeed footprint to these key centres in a translational termination complex.
Since most biochemical studies have focused on the bacterial RFs there was much interest in the long awaited structure of E. coli RF2 (18), published while our current work was in progress.
Although RF2 and the eukaryotic equivalent, eRF1, perform the same function in translation termination, the lack of sequence homology between these two factors is reflected in their threedimensional structures. RF2 has an elongated domain of α helices (domain 1), speculated by Vestergaard and colleagues to occupy the decoding site. On this disposition a bulky structural element (domains 2 to 4) must also fit into the A site of the PTC. There was growing multifaceted biochemical and genetic evidence of proximity if not direct involvement of the GGQ and SPF motifs with the two widely spaced ribosomal enzyme and decoding centres. The great paradox of the structure was that these two motifs (orange and cyan coloured ribbons in Figure 5A ) were placed too close together to be compatible with such placement. Our chosen sites for hydroxyl radical generation flanking or in the vicinity of these motifs are also illustrated on Figure 5A . Directed hydroxyl radical footprinting of RF2 onto the 16S and 23S rRNA in our study, provides important and compelling information that the bacterial factor must undergo a significant conformational unfolding to be docked into the A site during decoding of a stop signal. It supports the accumulated biochemical data that the GGQ motif is a proximity marker of RFs to the peptidyl-transferase, and in the case of bacterial RF2, SPF is a marker for proximity to the decoding site. A specific discussion of the data that leads to these conclusions is given below.
Interaction of amino acids flanking the SPF motif of RF2 with the 16S rRNA
Radicals generated from two residues flanking the SPF motif, 201 and 209, cleaved 16S rRNA only and they are illustrated globally on the Thermus thermophilus 30 ribosomal subunit structure Identification of a small region of the 16S rRNA that is unique for RF2-mediated termination suggests that although the decoding release factors of E. coli have overlapping binding sites on the ribosome, additional interactions are necessary to impart codon specificity. Nucleotides immediately adjacent to position 1192 were identified as potential sites of interaction with RF2 in our studies, but not with RF1 (27) . Changes in nucleotide C1192 of helix 34 were shown to cause defects in both RF1 and RF2-dependent binding to the ribosome, with RF2 more affected by the mutations C1192U
and C1192A than RF1 (53).
Site-directed hydroxyl radical cleavages were also detected in an exposed rRNA element surrounding nucleotide 1230 (helix 30), and in the 790 loop of helix 24 of the 16S rRNA. In the 3 Å crystal structure of the 30S subunit from T. thermophilus, the subunits were packed such that the spur (a protruding RNA structure) of one subunit was inserted into the P site of the neighbouring subunit (45) . Several regions of the 16S rRNA including nucleotides 1229-1230 were shown to be in contact with the spur, suggesting that residues 201 and 209 of A-site bound RF2 also are relatively close to elements of the ribosomal P site. The 790 loop is located in the platform of the small ribosomal subunit at the subunit interface. Identical cleavages were detected in this loop from RF1 (27) , and the tip of domain IV of EF-G (the tRNA anticodon mimicry domain; (26)).
Interaction of amino acids flanking the GGQ motif of RF2 with the 23S rRNA
The only obvious region of conservation between the prokaryotic and eukaryotic factors is a tripeptide motif GGQ. In eRF1 the GGQ motif resides within an exposed loop at the tip of domain 2 (19) . Site-directed mutagenesis of the two glycine residues in yeast eRF1 (19) and human eRF1 (6) completely abolished the peptidyl-tRNA hydrolysis activity of the factors, without affecting their decoding function. In E. coli RF2 the proposed equivalent GGQ motif (residues 250-252) is positioned within an exposed loop of domain 2 near a protease-sensitive site, cleavage at which was shown to inactivate the peptidyl-tRNA hydrolysis activity of the factor. From these studies the GGQ motif or i ts context is presumed to play a role in the peptidyl-tRNA hydrolysis activity of both decoding RFs. Cleavages from sites close to the GGQ motif, (243 and 246) are shown globally on the Haloarcula marismortui 50S ribosomal subunit structure (54) in Figure 5C , as well as those from the naturally occurring cysteine at position 274.
(i) The peptidyl-transferase centre
Cleavages in the PTC are illustrated in Figure 5D , with key reference points added for clarity.
Radicals generated from residues near the GGQ motif of RF2 cleaved bases in the 23S rRNA PTC of domain V. For example, hydroxyl radicals originating from positions 246 (and 274) of RF2 specifically cleaved A2602, a universally conserved bulged nucleotide that is protected by the aminoacyl moiety of the A-site bound tRNA (36). This base was also cleaved when radicals were generated from the 5'-CCA terminus of the deacylated tRNA (24) , and it specifically crosslinks to sparsomycin, an inhibitor of the ribosomal peptidyl-transferase and termination (37) . Mutagenesis of A2602 selectively inhibited RF mediated termination over transpeptidation suggesting it may play a specific role in peptidyl-tRNA hydrolysis (Polacek and Mankin-personal communication).
Nucleotide G2583, substitutions at which diminish peptidyl-transferase activity (55) (ii) The GTPase centre Nucleotides 1074 to 1076 were cleaved when Fe(II) was tethered to positions 243 and 246 of RF2, supporting a proposed interaction of the factor with this region of the 23S rRNA. These nucleotides form part of the GTPase-associated centre of the 23S rRNA (domain II). A 23S rRNA mutation located within this centre, G1093A, facilitates in vivo UGA-specific suppression (58) , and decreases the effective rate of association of RF2 with the ribosome (50, 51). Although cleavages
were not detected around nucleotide 1067 from the selected positions on RF2, E. coli RF1 was shown to footprint on both nucleotides 1067 and 1093 of the GTPase domain (27) . In the crystal structure of a GTPase centre fragment bound to ribosomal protein L11 (59, 60) , the 1093 to 1098, and 1065 to 1073 loops are situated very close to each other. This is also seen in the Deinococcus radiodurans structure (61). This suggests that both loops of the GTPase centre may interact with a compact region of the decoding RFs. L11 has been shown both in vitro (62) (63) (64) , and in vivo (65) (66) (67) (27) . Interaction of RF2 with nucleotides at the ribosomal subunit interface supports the earlier localisation of the factor to this region of the ribosome by immunoelectron microscopy (68) .
The paradox of the structural and biochemical evidence to explain how RF2 is positioned on the ribosome
These findings support the original tRNA analogue proposal that the RF spans the two active centres of the ribosome like a tRNA, but are difficult to reconcile with the solution structure of RF2.
They support the suggestion that the RF may undergo a significant change in conformation upon binding to the ribosome. New data from cryo-electron microscopy of the E. coli ribosome in a posttermination complex with RF2 3 suggests strongly that the RF has a different conformation to that seen in the solution structure. Rather in the reconstructions domain 1 of RF2 contacts the L11 domain, the SPF loop is positioned close to the mRNA, and the GGQ motif binds close to the PTC (69, 70) . These conclusions are completely consistent with our data. Cryo-electron microscopy has also revealed that the aminoacyl-tRNA undergoes an accommodation, and 
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